Through a series of long-term column experiments, the fate of three common pharmaceuticals (carbamazepine (CBZ), diclofenac, and indomethacin) and their major phase I metabolites in soil aquifer treatment (SAT) were monitored. CBZ concentration increased by a factor of two (from 37 to ca. 70 ng/L) regardless of the treatment conditions, and its metabolites, 10,11-dihydro-10-hydroxycarbamazepine (approximately 500 ng/L after SAT) and CBZ-10,11-epoxide (12-42 ng/L after SAT) were not effectively removed after SAT. Our results indicated that some metabolites of pharmaceuticals are present at much higher concentration than the original forms in the SAT effluent, and that some metabolites are more persistent during SAT with a relatively short retention time (i.e., 30 days). The study indicated that more attention should be paid to the formation and fate of metabolites in the water quality management of SAT effluent.
INTRODUCTION
In many parts of the world, water shortage is a serious problem. In addition to the uneven distribution of water resources and the high population concentration in large cities, extreme weather conditions resulting from global climate change have exacerbated the situation (Arnell ).
Water reclamation has become an important method to mitigate this problem. Over the past several decades, wastewater reclamation has even become employed for potable use in arid areas of the world (e.g., Asano et al. ) .
Soil aquifer treatment (SAT) is a common method for water reclamation (Quanrud et al. ; Dillon et al. ).
Many studies have demonstrated its ability to decompose or remove organic compounds by biodegradation and/or adsorption (e.g., Quanrud et al. ) .
Pharmaceuticals and personal care products (PPCPs) are a major safety concern in the reuse of wastewater efflu- In this study, we monitored the behaviors of three selected pharmaceuticals and their metabolites through a series of column experiments in order to better understand the fate of micropollutants in SAT under practical conditions. Carbamazepine (CBZ), diclofenac (DCF), and indomethacin (IDM) were selected as the target parent compounds. These compounds are commonly found at relatively high concentrations in the effluents from wastewater treatment plants (Nikolaou et al. () and references therein; Narumiya et al. ).
MATERIAL AND METHODS

Reagents
The target compounds and their metabolites monitored in this study are listed in Table 1 with their abbreviations, manufacturers, and purity. For their analysis by liquid chromatography with tandem mass spectrometry (LC-MS/MS), formic acid, methanol, and acetonitrile (LCMS grade, Wako, Japan) were used for the preparation of mobile phases. All the other chemicals used in this study were purchased from Wako (Japan), and of the highest grade available unless otherwise stated. They were used as received without further purification. All the aqueous solutions were prepared with ultrapure water produced with a Millipore Academic-A10 system.
Column experiments
To monitor the fate of the target compounds in SAT, three laboratory-scale acrylic columns (i.d. 15 cm; height 150 cm) and three pilot-scale rectangular columns (length 1.5 m; width 1.5 m; height 3.0 m) were used under aerobic conditions, with different packing materials (sand and weathered granite soil (WGS)), saturation conditions, and hydraulic retention times (HRTs). The conditions for the column experiments are summarized in Table 2 . The HRT of the unsaturated column is the sum of the HRTs in the saturated and unsaturated zones. The sand and WGS were collected in the Shiga area, Japan, and used without sieving (see Table 3 for soil properties). The temperature of the laboratory-scale reactors was maintained at 20 W C. The saturation conditions were controlled by adjusting the height of the exit ports.
The effluent collected from an anaerobic-anoxicaerobic (A2O) process wastewater treatment plant in Kyoto City (Japan) after removing large particulate matter was used as the feed water for this study. Target compounds were not added to the feed water, as they were already present in the feed water. For the laboratoryscale experiments, the same feed water was used over any given week. We collected feed water once a week, stored it in a refrigerator, and fed the water to the columns directly by peristaltic pumps from the container in the refrigerator.
The water temperature was increased to room temperature during transfer by placing a portion of the transfer line into a water bath. We did not account for the time lag between samplings of feed water and effluent water as the PPCP concentrations were stable (Yonetani et al. ) . This was also true for the triplicated sampling of the three target PPCPs used in this study. For the pilot-scale columns, A2O effluent was directly and continuously fed from an actual wastewater treatment facility (i.e., the columns were stationed in the facility).
We did not account for the HRT (i.e., time lag) because of the limited access to the facility. However, according to a report of the long-term monitoring of PPCPs preceding this study (Yonetani et al. ) , the PPCP concentrations were stable, and it was assumed that there was no need to account for the HRT.
The basic water quality of the feed water and SAT effluents during long-term operation are summarized in Table 4 . All the sand columns were under aerobic conditions, and removal of dissolved organic carbon (DOC) and UV absorbance at 254 nm (UV 254 ) were improved by increasing the HRT. The low dissolved oxygen (DO) and low nitrate of the effluents from the WGS columns indicates the presence of both aerobic and anaerobic zones in the WGS columns. The relatively high DO values in the effluents of the unsaturated sand columns indicates that oxygen supply was fast, and that most DO consumption occurs in the top layer of SAT columns.
Lower DO values for WGS columns may be associated with higher biological activity due to smaller particle size (i.e., larger surface area).
Each column was operated for at least one year before sampling. Samples were collected three times for all the columns in December 2013 at approximately one-week intervals.
Analytical methods
The Table 5 and Tables S1 and S2 (available with the online version of this paper). The recoveries of target PPCPs and their metabolites were determined for the feed water and SAT effluents, respectively, by a standard addition, and these values were used for the calculation of their aqueous phase concentration in the samples. The limits of detection (method detection limit) and quantification (method quantification limit) were determined based on signal-to-noise ratios of 3 and 10, respectively.
RESULTS AND DISCUSSION
Concentrations of target pharmaceuticals and their metabolites in the feed water Table 6 summarizes the concentrations of the three pharmaceuticals and their metabolites in the A2O water.
While the concentration of CBZ-10OH was much lower than that of CBZ (37 ng/L), the concentrations of CBZ-2OH, CBZ-3OH, and CBZ-Ep were comparable to that 
A2O for laboratory-scale columns 3.9 ± 0.5 0.086 ± 0.016 7.6 ± 1.6 4.1 ± 0.7 SA3.5unsat 1.2 ± 0.2 0.031 ± 0.006 6.3 ± 1.4 4.7 ± 0.5 SA7sat 1.1 ± 0.1 0.030 ± 0.013 4.0 ± 2.0 4.7 ± 0.7 SA7unsat 1.1 ± 0.2 0.026 ± 0.006 6.1 ± 1.2 4.7 ± 0.4
A2O for pilot-scale columns 3.7 ± 0.5 0.083 ± 0.019 3.5 ± 1. should be further researched.
DCF and DCF-4 0 OH followed a similar trend (Figure 2 ).
That is, they were efficiently removed by SAT, especially in the sand columns. The removal mechanisms for DCF involve both biodegradation and sorption (He et al. ) .
The presence of the anaerobic zone and the saturated con- removal than DCF may indicate biodegradation. DBI stayed longer in SAT, and the removals with short HRTs were less than 50% (e.g., 16% for a HRT of 3.5 days).
CONCLUSIONS
Our results clearly showed that some metabolites are present in SAT effluent in a much higher concentration, and/or behave differently in SAT systems than their parent compounds. Thus, more attention should be paid to the formation and fate of metabolites in the water quality management of SAT effluents. The presence of an anaerobic zone in WGS columns had no positive impact on the removal of the target compounds and their metabolites. In fact for DCF, its metabolites, CBZ-2OH, and CBZ-3OH, the removals were even lower. Also, similar results were observed for both SA7sat and SA7unsat indicating that the role of the unsaturated zone under the conditions tested in this study was minor. One possible reason for minor impact of the presence of the unsaturated zone may be the low DOC in the feed water (i.e., sufficient oxygen was provided even without the unsaturated zone for most cases).
